ABSTRACT
INTRODUCTION
Genes expressed in erythroid cells are subject to tissue specific and temporal regulation and hence provide an attractive system to study mechanisms of gene regulation. We have recently reported (1) on a transcription factor contained in duck erythrocytes, which is functionally analogous to the upstream stimulatory factor (USF), initially isolated from HeLa cells and identified by its binding to and stimulation of transcription from the Adenovirus 2 major late promoter (2-5). Recently, data showing interactions between this factor and other cellular promoters like the rat 7-fibnnogen (6) and mouse metallothionein I gene (7) have been presented.The factor USF from erythroid cells-designated as EUSF for the sake of distinction-was shown not to be involved in the transcription of the a A -globin gene of the duck (1) and we hence investigated its role during the transcription of the histone H5-gene, which is specifically expressed in avian erythroblasts. Histone H5 is synthesized concomitantly with the onset of differentiation and it is associated with a general reduction of gene activity in these cells. Its expression commences earlier in the differentiation of erythroid cells than that of globin and increases up to the final stages of maturation, which leads to a progressive accumulation of histone H5 in the nucleus of the avian erythrocyte (8) .
The molecular mechanisms of the H5 histone gene regulation are incompletely understood Several DNasel hypersensitive sites have been reported in the 5'promoter region of this gene (9) , which include the TATA-box around -20 and a region at approximately -110 containing the sequence TCCCTCCC which is conserved among some avian H5 genes. In addition, a hypersensitive site was identified in the 3'-untranslated region, which possibly represents the enhancer described by Trainor et al. (10) .
DNA-elements acting as binding sites for transcription factors are commonly located upstream from the cap site of polymerase II genes and only a few cis-acting elements, positioned 3' of the cap site, are known. Mainly enhancers or silencers are reported to regulate transcription from 3'-noncoding regions (10, 11) and only a few polymerase II genes have hitherto been described of which the transcnptional regulation involves cis-acting elements located within the coding region. These examples include the human /3-globin gene (12) ; the human growth hormone gene (13) ; and the heat shock gene hsp 22 (14) . Up to now, however, these elements have only been identified as binding sites for nuclear proteins and no clear proof could be provided for their functional involvement in the regulation of transcription.
By screening the published sequence of the duck histone H5 gene we have identified an intragenic DNA element which shows a high degree of homology to the USF-binding site in the Ad2MLP. We show here that transcription factor USF from duck erythrocytes selectively interacts with this intragenic sequence and stimulates transcription of the histone H5 gene in a cell free transcription system.
MATERIALS AND METHODS
Template DNA's A DNA fragment from approximately position -1000 to +1500 relative to the cap-site of the duck histone H5-gene (kindly provided by D.Doenecke, Gottingen), was inserted into the BamHI restriction site of the pUC18 polyhnker and cloned. This fragment is referred to as pUCH5.
For in vitro transcription assays, the recombinant plasmid pUCH5 was cleaved according to the following scheme:-cleavage of pUCH5 with TaqI resulted in 5 DNA fragments, one of which was approximately 1600bp in length and contained the H5-gene from approximately -1000 to +596 including the internal USF binding site This template is referred to as pUCH5];-to obtain a template excluding any as yet unidentified DNA-sequences upstream of the cap site but saving the internal USF-binding site, pUCH5i was digested with Snol. Cleavage yielded a template called pUCH52, which ranges from -116 to +598 relative to the cap site;-digestion of pUCH5 with SacII and Snol resulted in a 393 bp fragment extending from position -116 to +278. This fragment, referred to as pUCH5 3 , lacks the internal USF-binding site.
In mobility shift assays a DNA-fragment was employed, which was obtained by digestion of pUCH5 with Narl resulting in three fragments. One of these (referred to as H5 4 ) contained sequences from position +372 to +704 of the H5 gene. This fragment was isolated on 5% native polyacrylamide gels and electroeluted.
After 3'-labelling of H5 4 , a second digestion of this template with TaqI at position +596 yielded a 220bp fragment, which was employed in DNase I footprint assays (H5 5 ).
The duck o^-globin gene is not induced by EUSF (1) and was included in some of the transcription assays as an internal control. This a A -globm template extended from position -1265 to + 399 relative to the cap site. It was inserted into the Hindi! restriction site of pUC9 and is referred to as pSW3.
Two different synthetic oligonucleotides were employed as competitors. A 25 bp synthetic oligonucleotide, exactly representing the USF binding site of the Ad2MLP, was employed as a specific competitor. Both strands were synthesized by the phosphotriester method (15) and hybridization was performed as described (1) . Both strands of a second, irrelevant oligonucleotide with the sequence 5'ATGGATGGTTTAAA-TGGAGT 3', bearing no homology to the USF motif,were synthesized, hybridized and used as a non specific competitor.
Preparation of extracts
Employing the method of Manley etal. (16) , whole cell extracts (WCE) from HeLa cells were prepared from several batches of 20 liter suspension cultures with an index of 5 x 10 5 cells/ml and contained approx. 10-20 mg protein/ml. Whole cell extracts from peripheral duck erythrocytes were prepared exactly as described (1) and contained 10-15 mg of protein/ml.
Isolation of transcription factor USF
The following buffers were employed in the procedures described below 
Isolation from Erythroid extracts
USF from erythroid extracts (EUSF) was partially purified by chromatography on heparin sepharose columns (Pharmacia). Hepann sepharose was swolen overnight in buffer A and subsequently equilibrated with this buffer containing lOOmM (NH 4 ) 2 SO 4 . Erythroid WCE was dialyzed against 50 volumes of buffer A with 100 mM (NH 4 ) 2 SO 4 , cleared by centrifugation and applied to a heparin sepharose column at 5mg of protein per ml of bed volume. Collection of the breakthrough (fraction A) was followed by consecutively step elution with buffer A containing 0.3M (fraction B) and 0.6M (fraction C) (NrL^SCV The column was extensively washed between steps A and B. At this stage, the bulk of residual hemoglobin is removed. Fraction B, containing EUSF, was concentrated by precipitation with crystalline ammonium sulfate (60% saturation), resuspended at a concentration of 2 mg/ml and dialyzed against buffer C. For application in functional assays and DNA-binding studies, fraction B was heat treated as described above resulting in a final protein concentration of 0.2 mg/ml. Protein concentration of extracts and fractions were measured by the method of Bradford (18) .
Assay of in vitro transcription by primer extension
In a reaction volume of 25 /tl, 1/tg of a H5 DNA template and varying amounts of protein were employed as indicated in the figure legends. Reaction buffers containing 12mM Hepes-NaOH (pH 7 9), 60mM KC1, 7.5mM MgCl 2 , 0.12mM EDTA , lOmM creatin phosphate, 1.2mM DTT, 0.12mM PMSF, 10% glycerol and 500/tM of each nucleoside tnphosphate. Competitor DNA (USF-oligonucleotide) was added as indicated in the figure legends. To verify that the stimulatory effect of EUSF on transcription of the H5-gene is specific, 1/ig of pSW3, containing the o^-globin gene and serving as an internal control, was added to 0.25 ng of a H5 DNA template as appropriately described in the legend of Fig.2 . After incubation for 60 minutes at 30°C, reactions were terminated by addition of proteinase K, followed by phenol/chloroform/isoamylalcohol extraction and ethanol precipitation of RNA. Appropriate primers were radioactively labeled with T4 polynucleotide kinase and 32 P-YATP. Extension of the primers, hybridized to the H5 and o^-globin genes, generated transcripts of 129 and 99 nucleotides respectively. Primers were added to hybridization reactions in excess. RNA and pnmer were heated to 90°C for 10 minutes and then incubated for lhr at 55 °C in a hybridization buffer containing 10 mM Tris, 1 mM EDTA and 250 mM KC1. After hybridization lmM of dNTPs, 3U of RNasin (Boehringer, Mannheim) and 4U of AMV reverse transcnptase (Gibco, BRL) in a total volume of 40/il were added to the 20/tl hybridization samples in a buffer consisting of 75mM Tris-EDTA (pH 8.5), 15mM DTT and 12mM MgCl 2 to elongate the specific RNA. In reactions containing both the H5 and a A -globin genes Actinomycin D (Roth, Karlsruhe) was added at a final concentration of 33 /ig/ml. After incubation at 42 °C for 45 minutes the reactions were stopped by phenol/chloroform/isoamylalcohol extraction, followed by ethanol precipitation of the elongated product. The pellets were resuspended in formarrude buffer and electrophoresed through a 6% sequencing gel after denaturation at 90°C for 5 minutes 3' labeled pBR322, digested with Hpal was run in parallel as a size marker. The gels were autoradiographed using intensifying screens at -80°C for 14 hours.
Electrophoretic mobility shift assays H5 DNA fragment H5 4 was labeled by a^P-dCTP and the multiprime labelling system (Amersham). The labelling reaction was allowed to proceed for 30 minutes at 37°C. To purify the 3' terminally labeled DNA fragment H5 4 from free nucleotides, it was applied to a G50 Sephadex (Pharmacia) column (contained in a lml syringe) and was subsequently centrifuged at 3600 rpm for 6 minutes. 4% native polyacrylamide gels (80:1) were prepared and prerun for 1.5 hours at 4°C with circulating buffer between the electrode chambers at lOml/min. 25 y\ reaction samples consisted of varying amounts of 3'-labeled H5 4 fragment, protein (either HeLa-USF or EUSF) as indicated in the figure legends, 13mM Hepes-NaOH pH7.9, 60mM KC1, 0 13mM EDTA, 2mM DTT, 0.2mM PMSF, 11% glycerol, 0.3mg/ml BSA and 1.2 ng poly(dl-dC). Differing amounts of specific (USF ohgonucleotide) or non specific competitor DNA [an irrelevant oligonucleotide; see section on template DNAs) were preincubated with EUSF for 10 minutes in competition experiments. After addition of labeled fragment, the binding reaction mixtures were incubated at 30 °C for 30 minutes and were loaded immediately onto the gel. Gels were run at 150 V for 1 to 1.5 hrs at 4°C in a circulating buffer containing 7mM Tris HC1 (pH 7.9), lmM EDTA (pH 7.9) and 3mM sodium acetate (pH 7.9). The gels were then dried and autoradiographed overnight at -80°C with intensifying screens.
DNasel Footprint
Assays 3' terminally labeled histone H5 fragment H5 4 (see mobility shift assays) was digested with TaqI as mentioned above (template DNA's) yielding a labeled fragment of 220bp (H5 5 ). This fragment, containing the USF binding site, was electroeluted from 5% polyacrylamid gels, thereby checking its integrity and purity. DNase cleavage protection assays were performed according to (1) except that 1/tg of poly(dl-dC) was used as nonspecific competitor instead of pUC DNA and no MgCl 2 was included in the reaction buffer.
RESULTS
We have recentiy shown (1) that a transcription factor occurs in duck erythrocytes which functionally resembles USF from HeLa cells and which we have designated EUSF for the sake of simplicity. The function of this factor in erythrocytes is presently unknown and since cell free transcription systems can be used to address this question, we analyzed the possible functional association between EUSF and the transcription of the duck histone H5 gene, which is specifically expressed in avian erythroid cells. In addition, these studies were prompted by the observation, that the histone H5 genes of the duck (19) and chick (20) contained an intragenic sequence bearing a high degree of homology to the USF binding motif in the promoter of the Ad2MLP (Fig. 1) . It was established in pilot experiments (data not shown) that the general transription factors present in whole cell extracts (WCE) of HeLa cells can be employed for the basic transcription of the duck histone H5 gene by RNA polymerase II. By comparison with other test promoters (a A globin of the duck, Ad2MLP) it became evident that the expression of the H5 gene is governed by a fairly strong promoter (data not shown). To analyse the role of EUSF in the transcription of the H5 gene, a basic transcription system was established using a low amount of HeLa WCE (3/tl = 45 ng of protein) which gave rise to a barely visible H5 transcript. The H5-DNA template used in this assay, pUCH5j, was obtained by restriction of the original plasmid pUCH5 with TaqI as depicted in figure 1 .
In subsequent experiments, the basal transcription system was supplemented with increasing amounts of a fraction eluted from hepann sepharose with 600mM (NH4) 2 SO 4 and containing EUSF as shown by footprint analysis with the Ad2MLP (data not shown). The results show a significant stimulation of transcription of the H5 gene as evidenced by the primer extension product of 129 nucleotides (Fig.2, lanes 1 to 5) . To assure mat this stimulation is specific for H5 transcription, a second template containing the duck a A -globin gene (pSW3), the transcription of which has previously been shown not to be inducible by EUSF (1), was added as an internal control to the transcription reactions. As can be concluded from the 99 nucleotide primer extension product in lanes 2 to 5 (Fig.2) , transcription signals from the a A -globin gene, obtained in the presence of EUSF in the same To ensure that the stimulation is specific for the H5 gene, transcription reactions were simultaneously conducted in the presence of a control plasmid, pSW3. It contains a fragment of the duck a* globin gene and its transcription is known not to be induced by EUSF (1) The primers employed were as described in Materials and Methods Basic transcription signals of comparable strength were obtained using 3^1 HeLa WCE (=45^g protein) for low level transcription of 0,25/jg pUCH5, and 1/xg pSW3 template (lane 1). This amount of HeLa WCE was supplemented with 2, 5, 10 and 15/d of a fraction eluted from hepannsepharose with 0 6 M (NH^St}, and containing EUSF (lanes 2 to 5) Transcription reactions identical to those in lane 5 were competed by 60 (lane 6) and 120 ng (lane 7) of specific competitor DNA (an oligonucleotide containing the Ad2MLP binding site for USF) reflecting a 60-and 120-fold molar excess with respect to the USF sequence in pUCH5|. All transcription assays were preincubated either without (lanes 1 to 5) or in the presence of competitor DNA (lanes 6 to 7) for 20 minutes before the reaction was started by the addition of the DNA templates Lane 'M' Hpall restricted pBR322 plasmid serving as a size marker, fragments of 122 and 90 nucleotides are appropriately indicated assays, did not significantly differ from those observed for the basal transcription with 3/tl of HeLa WCE Qane \y n should be pointed out that reactions containing both template DNA's were very sensitive to alterations in DNA/DNA and DNA/protein ratios. To obtain a low level transcript from both genes, 1/tg of a A -globin template (pSW3) and only 0.25/ig of H5-template were required. These values were arrived at in a series of titration experiments. Due to the different promoter strengths of the two genes outlined above, an increase in the H5 template suppressed o^-globin transcription, whereas a rise in the latter did not affect expression of the H5 gene. Accordingly, raising the amounts of HeLa WCE only benefitted H5 transcription when both templates were held constant at the optimal levels (0.25/1/ig), supporting the conclusion that the H5 gene is governed by a much stronger promoter than the cx A globin gene. This also explains the much weaker transcription signal from this gene (Fig. 2) . In lanes 6 and 7, 60 and 120 ng of a specific competitor DNA (an oligonucleotide containing the Ad2MLP USF binding site) were added to the transcription reactions which resulted in a significant decrease of the H5 transcription reducing it to the control level (lane 1), whereas transcription of the o^-globin gene remained unaffected within the limits of detection. The signal of approximately 150 nucleotides in lane 7 was not reproducibly observed in all experiments and its nature was not further investigated.
To further identify DNA elements in the H5 gene responsible for this transactivation, we concentrated on an intragenic sequence from position +505 to +516 which was detected in the published H5 sequence (19) and which surprisingly revealed a perfect homology to the USF binding site in the Ad2MLP in 10 out of 12 bases (Fig. 1) . To analyze the functional significance of this element, DNA templates were generated from the H5 gene, one excluding (pUCH5 3 ), the other including the intragenic binding site (pUCH52). Both templates were cleaved with Snol at position -116 to ensure that promoter regions further upstream in the 5'-flank were not responsible for the transactivation by EUSF. As is shown in Figure 3, Parallel to the in vitro transcription studies, suggesting an interaction of EUSF with the intragenic USF-hke site of the duck H5 gene, binding of the protein was assessed by electrophoretic mobility and footprint analyses. To further confirm the homology between EUSF and USF, both factors were assayed in these binding studies. These proteins were isolated by alternative experimental protocols and were heat treated as described in Materials and Methods.
As shown in Figure 4 , both protein fractions form a complex with a DNA fragment ranging from position +372 to +704 and containing the intragenic USF-site of the H5 gene. The interaction between increasing quantities of EUSF and this fragment (lanes 1-5, Panel A) is selective since it can be completely suppressed after preincubation with a 300-fold molar excess of an oligonucleotide comprising the USF motif used as a specific competitor (lane 6, Panel A) whereas the same concentration of an irrelevant oligonucleotide does not abolish binding (lane 7). USF from HeLa cells (Figure 4 , Panel B) likewise interacts with this fragment (lanes 1 to 6) and binding is abolished by a 300-fold molar excess of specific competitor oligonucleotide (lane 7),but not by the same concentration of an irrelevant oligonucleotide (lane 8). In view of the differing amounts of protein required for complex formation (EUSF: about 0.06 ng; USF: about 0.4 /tg) and the fact that the proteins are not pure, we cannot measure whether the two proteins may bind with different affinities to this particular sequence.
Finally, footprint experiments were conducted with both proteins and a labeled DNA-fragment of the duck H5-gene (Fig.  5A) . Sequencing reactions according to (21) were run in parallel to delineate the borders of the footprint (data not shown). A part of this sequence is appropriately indicated in Figure 5 . As was to be expected from the mobility shift analyses, both EUSF (lanes 1 -7) and USF (lanes 8-12) interact with this fragment. They clearly protect a region from position +505 to +516 which coincides exactly with the USF-hke motif of this gene predicted from its sequence. The amounts of protein required to achieve 
DISCUSSION
We have previously demonstrated (1) that a functional equivalent of transcription factor USF is contained in whole cell extracts of duck erythrocytes which was designated as EUSF for the sake of simplicity. This factor, which was partially purified, was identified by its similar chromatographic properties, its heat stability and stimulation of transcription from the Ad2MLP as well as its precise interaction with the upstream element of the Ad2MLP yielding an identical pattern of DNasel protection as that imprinted by USF from HeLa cells (1) . Apart from its action on the Ad2MLP, USF has been shown to also interact with the rat 7-fibrinogen (6, 22) and the mouse metallothionein I gene (7) . USF-related proteins have also been reported in yeast cells (23) .
More recently, it was demonstrated that a protein involved in the regulation of expression of the gene coding for transcription factor IHA in Xenopus laevis oocytes is similar in size and binding properties to the human USF binding protein (24) . It binds to a 6 bp core, CACGTG, located approximately 260 bp upstream of the start site of that gene.
The 12 bp USF consensus sequence of the Ad2MLP bears a partial homology to the cyclic AMP response element as well as to the ATF and API binding sites (25, 26, 27) . The interaction of the USF protein with these motifs has, however, not yet been demonstrated and it is hence unknown whether USF may represent a member of the above mentioned family of transcription factors.
Although USF is probably a factor occuring ubiquitously in different cells and tissues and may be involved in the regulation of various RNA-polymerase II dependent genes, it is not a general transcription factor required for the basal expression of all polymerase II genes. Although present in duck erythrocytes, it is not involved in the expression of the duck a A -globin gene (1) and its function in these cells was hence obscure. We have employed a cell free transcription system in support of binding studies in an attempt to elucidate the functional role of USF in the avian erythrocyte.
An analysis of the published sequence of the histone H5 gene from the chick (20) and duck (19) revealed an intragenic element of 12 bp in the coding sequence of these genes which has a striking homology in 10 out of 12 bp to the USF consensus sequence of the Ad2MLP (4 ; Fig. 1 ). This sequence is neither contained in the gene encoding the duck histone HI (28) , nor in the mammalian histone HI 0 gene (29) , which is functionally analogous to the avian H5 gene. Results presented in this paper demonstrate for the first time that USF, partially purified from duck erythrocytes (EUSF), activates the in vitro transcription of the histone H5 gene and they hence identify this gene as a potential target of this transcription factor in erythroid cells. This is a selective process, since transcription of the homologous or*-globin gene is not stimulated by this factor (Fig 2) . The data obtained from these in vitro transcription experiments are corroborated by electrophoretic mobility shift assays, showing a selective interaction of EUSF and human USF with a DNA fragment containing the histone H5 gene (Fig.4) and footprint experiments delineate this binding exactly to the 12 bp intragenic USF binding site (Fig.5 ) which was predicted from the sequence of this gene (Fig.l) . Deletion of a fragment containing this sequence abolished the transactivation which EUSF exerts on the in vitro expression of this gene while its basal transcription is maintained (Fig 3) . In this context it should be noted that the proximal promoter region of the histone H5 gene up to -150 has revealed no additional USF binding motifs.
Although requiring formal proof by point mutational analyses, these data collectively lend strong support to the assumption that this sequence is involved in the transactivation of the duck histone H5 gene by EUSF. These results are surprising, since the binding sites of USF (MLTF) were initially located between positions -65 and -105 of USF-responsive genes (4, 7, 22) . Results presented more recently for the gene encoding TFIIIA from Xenopus laevis oocytes identify a potential USF-binding site even further upstream between position -289 and -253 of that gene (24) . We have not yet analyzed sequences upstream of position -150 of the duck histone H5 gene and hence we can obviously not exclude that additional upstream USF-binding sites may be identified in future. Although cis-acting DNA elements, governing the expression of polymerase II genes, are generally located upstream of the start site, several 3' regulating sequences have been described. These elements can be located either within the coding region (12, 13, 14, 30, 31) or in the non coding 3' segments of these genes (32, 10) . These latter examples primarily refer to enhancer sequences which affect transcription by an as yet unknown mechanism. The results of Behringer et al. (12) , based on in vivo transfection studies of the human /3-globin gene, suggest the existence of two widely separated sequences that can function individually to direct specific expression of this gene. One of these two sequences is located in the third exon and may reflect a situation comparable to the histone H5 gene described here. The existence of intragenic promoter elements is well documented for polymerase HI genes (33) , and it is conceivable that comparable elements have been conserved in the case of some polymerase II genes.
It should be emphasized that a sequence motif of perfect homology was detected in a published sequence of the chicken H5 gene (20) .
Although not yet tested, it is tempting to predict that this sequence may likewise represent a potential target site for transcription factor USF in those cells and may suggest a common regulatory mechanism for the expression of this gene in avian erythrocytes. This assumption must be supported by functional verification of these DNA elements in situable in vivo systems.
